Superplastic-tensile test and superplastic forming for the denture base (One of the dental parts) were carried out experimentally using an α + β two-phase type Ti-6Al-4V alloy with an ultra-fine grained structure (grain size: 0.3-0.5 µm) obtained through protium treatment. The ultra-fine grained material exhibited a significant superplastic elongation of over 9000% at 1123 K and a flow stress lower than that of coarsegrained material made from the same alloy without protium treatments. Superplastic forming was successfully used to fabricate a denture base without cracks on the surface. These materials may be applicable as biomaterials in medical industries.
Introduction
Grain refinement is one of the few methods available for improving the strength and functionality of metallic materials. Among such methods, protium treatment 1) has been attracting a great deal of attention. This treatment consists of three processes: (1) protium absorption in a hydrogen atmosphere, (2) martensitic-transformation and hot working to cause finely dispersed hydride precipitates, and (3) protium desorption and recrystallization. This treatment fabricates α +β two-phase type Ti-6Al-4V alloy with ultra-fine grained structure (grain size: 0.3-0.5 µm) that exhibits a significant superplastic elongation of more than 9000%.
2) Superplasticity is the phenomenon that metallic material exhibits at an elongation of several hundred percent at high temperatures. There is a pressing need for devices fabricated by superplastic forming in today's medical and biomaterial fields, especially in the field of dentistry. As the proportion of elderly increases in the population, the demand for dental parts is anticipated to increase as well. As dental parts must be fabricated with strict precision, most are fabricated by casting. However, casting with titanium has a lot of problems, such as a high melting point, high chemical reactivity at high temperature, and existence of voids after casting.
3) For these reasons, fabrication of dental parts (in particular denture bases) by superplastic forming has been attracting a great deal of attention. 4, 5) In this investigation, a denture base was experimentally fabricated by superplastic forming using ultra-fine grained Ti-6Al-4V alloys obtained through protium treatment.
Experimental Procedures

Protium treatment
The protium treatment process is shown in Fig. 1 . A series of wrought α + β two-phase type Ti-6Al-4V alloys were used in these experiments. Specimens of 37 mm in thickness were cut from an initial material. A protium content of 0.5 mass%[H] was obtained by heating the specimen at 1073 K for 3.6 ks in hydrogen gas, followed by argon gas cooling. Next, the specimens were heated into a β single- phase region (1223 K) to achieve a homogeneous structure, then quenched in water to obtain a martensitic structure. After quenching, the specimens were reheated in a α + β two-phase region (1023 K) just below the β transus, then hot-cross rolled to reduce the thickness by 80%. Finally, the specimens were heated at 973 K for 3.6 ks in a vacuum, then furnace-cooled to desorb the protium and induce recrystallization.
The microstructure of each specimen was observed by optical and scanning electron microscopes to confirm the effects of the ultra-fine grain refinement by protium treatment.
Tensile and superplastic-tensile tests
To investigate tensile properties of protium-and nontreated specimens, tensile tests were carried out at room temperature. Plates with a thickness of 0.7 mm were cut from protium-treated Ti-6Al-4V alloy, then test pieces were cut from the plate for superplastic-tensile tests to investigate superplasticity. Each test piece had thickness of 0.7 mm, width of 5 mm and length of 4 mm. The influence of testing temperature on flow stress was investigated at a pressure below 10 −8 MPa. Superplastic-tensile tests were carried out at a temperature range from 1023 to 1123 K, with an initial strain rate of 1 × 10 −3 s −1 . For comparison with the protium-treated material, a non-protium treated Ti-6Al-4V alloy was also prepared and tested. Fig. 2 The schematic figures of superplastic forming for denture base. 6) 2.3 Fabrication of denture bases by superplasticforming Plates with thickness of 0.7 mm and diameter of 120 mm were cut from protium-treated and non-treated materials, then fabricated into the denture bases by superplastic forming at 1123 K in the atmosphere of argon gas. The schematic of superplastic forming for the denture base is shown in Fig. 2 . The plate for superplastic forming was heated to the forming temperature (1123 K), then gradually pressed by argon gas (pressure: 0.7 MPa).
The microstructure of the denture base fabricated by superplastic forming was observed with an optical microscope.
Experimental Results
Microstructure of the protium-treated material
The microstructure of protium-and non-treated materials are shown in Fig. 3 . The non-treated material has a grain size of about 8 µm, whereas the protium-treated material has an ultra-fine structure with a grain size of about 0.5 µm. The former and latter are hereafter referred to coarse-and ultrafine grained materials, respectively.
Tensile properties of ultra-fine grained material
The nominal stress-nominal strain curves of the coarse-and ultra-fine grained materials are shown in Fig. 4 . The ultrafine grained materials had an improved yield strength, and the elongation decreased with the decrease in grain size. The ultra-fine grained material rarely showed uniform elongation, but exhibited high elongation in spite of high tensile strength.
Superplasticity of ultra-fine grained material
The ultra-fine grained material exhibits a significant superplastic elongation of over 9000%
2) at 1123 K with an initial strain rate of 1 × 10 −3 s −1 , as shown in Fig. 5 . These figures may be the highest values of superplastic elongation in metallic materials reported to date. Through observations of the broken specimen, it was found that the broken tip of the tensile test specimen made from ultra-fine grained material elongated until its diameter narrowed to the size of a single grain.
Influence of temperature on flow stress
The influence of testing temperature on the flow stress of coarse-and ultra-fine grained materials is shown in Fig. 6 . The flow stress of the ultra-fine grained material is about 
Fabrication of denture bases by superplastic forming
Denture bases fabricated by superplastic forming are shown in Fig. 7 , and the denture bases fabricated from coarse-(a) and ultra-fine grained (b) materials by superplastic forming are shown in Fig. 8 .
The denture bases fabricated by superplastic forming had no cracks on the surface (Fig. 7) . According to the detailed observations of both denture bases, there are a lot more undulations on the surface of ultra-fine grained material than on the coarse-grained material. Therefore, the denture base that fitted the investment sufficiently was obtained (Fig. 8) . Ultrafine grained materials may be applicable as biomaterials in medical industries.
Observation of microstructures after superplastic
forming Microstructures of ultra-fine grained material before and after superplastic forming are shown in Fig. 9 . As compared with the microstructure before forming, the ultra-fine grained material exhibited grain growth until the grain size of about 5 µm was reached, however, voids were not observed in the microstructure after forming. Fig. 7 The plate for superplastic forming and denture base after forming.
Discussion
The most common problems with superplastic forming are low productivity, poor uniformity in thickness after forming, and decline of mechanical properties. Moreover, in the case of dental parts such as denture bases, highly precise fabrication is important. If the current drawbacks of superplastic forming can be solved, this fabrication process will probably become applicable for the fabrication of denture devices. Most superplastic-formed products were fabricated by the pressure force of argon gas. When high-pressure argon is used, the most important property of the material is its flow stress. In the case of such gas-pressing force, a huge-forming force such as a mechanical press process can not be obtained. Therefore, forming of micro corner parts would be impossible with high flow stress. Superplastic forming with gas-pressing force also leads to a decrease of spring-back, simplification of fabrica- tion of investments, and so on. For the reasons mentioned above, it is considered that the most important factor in superplastic forming is not the extent of elongation but the flow stress. For the fabrication of a denture base, a prosthesis that requires strict precision, work materials with low flow stresses are of great benefit. The ultra-fine grained material in this investigation had a flow stress of 8 MPa at 1123 K, a value about 40% lower than that of the coarse-grained material. The flow stress of the ultra-fine grained material is thought to be the key factor behind its excellent formability. Additional investigations will be conducted to identify the most suitable conditions for superplastic forming with ultra-fine grained material.
Conclusions
In the present investigation, ultra-fine grained α + β type Ti-6Al-4V alloys obtained through protium treatment were subjected to superplastic-tensile tests in order to investigate the influence of testing temperature on the flow stress, and then the same alloy was fabricated into a denture base by superplastic forming. The conclusions were drawn as follows:
(1) The yield strength of the ultra-fine grained materials is improved by protium treatment. Such materials show high elongation in spite of their high strength.
(2) The superplastic-tensile test specimen of the ultra-fine Fig. 9 The microstructure of the ultra-fine grained material after superplastic forming.
grained material elongates until the diameter of the tip of the broken specimen narrowed to the size of a single grain. (3) The plates of the ultra-fine grained material exhibit a lower flow stress than that of the coarse-grained material.
(4) The denture bases of the coarse-and ultra-fine grained material after forming were free of cracks. According to the detailed observations of both denture bases, the ultra-fine grained material is formed more accurately than the coarsegrained material. The ultra-fine grained materials may be applicable as biomaterial in medical industries.
(5) After forming, the ultra-fine grain material exhibits grain growth until the grain size of about 5 µm is reached, however, voids are not observed in the microstructure after forming.
